Background and objective The effects of recombinant human growth hormone on renal osteodystrophy are unknown; thus, the effects of growth hormone (GH) on bone histomorphometry were assessed in pediatric patients with ESRD.
Introduction
Growth failure, resulting in part from resistance to the actions of growth hormone at the level of the growth plate, occurs early in CKD. It causes severe short stature in most untreated children before the initiation of dialysis (1) and results in major consequences for both physical and psychosocial well-being (2, 3) . In pediatric patients with CKD stages 2-4, supraphysiologic doses of recombinant growth hormone overcome growth plate resistance to growth hormone, thus increasing growth and improving final adult height (2) (3) (4) ; however, the response to growth hormone in patients with ESRD (CKD stage 5) varies (5) (6) (7) (8) (9) . The precise mechanism behind decreased responsiveness to growth in dialysis patients is incompletely understood and is probably multifactorial, but because both high and low bone turnover increase the severity of growth retardation (10, 11) , alterations in trabecular bone turnover may contribute.
Although bone formation rate affects growth velocity, growth hormone therapy may in turn alter trabecular bone histologic features. Indeed, independent of its action on the growth plate, growth hormone worsens the biochemical lesions of secondary hyperparathyroidism and also directly increases osteoblast proliferation and activity, thereby promoting new bone formation and increasing bone turnover (12) (13) (14) (15) (16) . By contrast, calcitriol, the primary therapeutic agent used to control secondary hyperparathyroidism, blocks the proliferative effects of growth hormone on chondrocytes in young rats with CKD (16) . To our knowledge, however, the effects of growth hormone therapy on bone turnover and its interaction with calcitriol in pediatric dialysis patients have not been directly evaluated. Thus, this study was performed to test the hypothesis that growth hormone therapy has a direct effect on bone turnover that is altered by concomitant calcitriol therapy in children treated with continuous cycling peritoneal dialysis.
Materials and Methods
Potential participants were patients with ESRD undergoing continuous cycling peritoneal dialysis between July 1994 and May 1999 at the University of California, Los Angeles (UCLA), who were age 2-21 years. The trial was not registered in the Clinical Trials Registry (http:/ /www.ClinicalTrials.gov) because it was conducted before registration requirements. Exclusion criteria were a history of poor medication adherence, parathyroidectomy within the past 12 months, epiphyseal growth plate closure, or treatment with prednisone or any other immunosuppressive agent. After a 4-week period of withdrawal from vitamin D therapy, patients were admitted to the UCLA General Clinical Research Center; bone biopsy specimens were obtained from the anterior iliac crest using a modified Bordier trephine after double tetracycline labeling (10-15 mg/kg per day, taken orally thrice daily during two 2-day periods separated by a 12-day tetracycline-free interval) (17) . Bone quantitative histomorphometry was performed and variables compared with reference values established in children with normal renal function, as described previously (18) . The terminology established by the Nomenclature Committee of the American Society for Bone and Mineral Research was used to report all histomorphometric variables (19) , and lesions of renal osteodystrophy were categorized according to the recommended TMV (turnover, mineralization, volume) classification system (20) .
After bone biopsy, patients were divided into two groups according to bone formation rate per bone surface (BFR/BS): Group 1 (high-turnover renal osteodystrophy) was defined by increased BFR/BS or by the presence of bone marrow fibrosis, and group 2 (low-turnover osteodystrophy) was defined by normal or decreased rates of bone formation without evidence of fibrosis. Patients in each group were then randomly assigned in groups of eight with a 1:1 allocation ratio to treatment with subcutaneous growth hormone therapy or to no growth hormone therapy. All patients in group 1, regardless of randomization, also received intermittent calcitriol therapy alone, whereas all patients in group 2 did not. The study was nonblinded.
For patients with high bone turnover, the initial dose of intraperitoneal calcitriol was 1 mg administered thrice weekly (Monday, Wednesday, and Friday); the dose was then increased in 0.5-mg increments to achieve serum calcium levels of 10-10.5 mg/dl and serum phosphorus levels ,6.0 mg/dl. Calcitriol therapy was adjusted according to serum calcium and phosphorus levels; therapy was temporarily withheld if severe hypercalcemia (defined by a serum calcium level .11.0 mg/dl) or hyperphosphatemia (serum phosphorus .7 mg/dl) developed. Calcitriol therapy was resumed after the dose was reduced by 50% when serum calcium and phosphorus levels returned to target values. For all patients with low or high bone turnover randomly assigned to receive growth hormone, the dose was 0.05 mg/kg per day subcutaneously; doses were modified at each visit depending on body weight. All patients were treated with calcium-based binders, and the dialysate calcium concentration was 2.5 mEq/L. Patients underwent therapy for 8 months, after which time bone biopsy was repeated. In the event of kidney transplantation, treatment was terminated early and bone biopsy was performed at the time of transplantation.
Biochemical determinations of serum calcium, phosphorus, alkaline phosphatase, IGF-1, and parathyroid hormone (PTH) levels were obtained at the time of both bone biopsies and at monthly intervals during the study. Serum samples for PTH and IGF-1 were stored at 270°C and run in batches at the conclusion of the study (IGF-1 ELISA kit, Diagnostic Systems Laboratories, Webster, TX, and first-generation PTH Nichols assay, Nichols Institute Diagnostics, San Juan Capistrano, CA, respectively). Serum calcium, phosphorus, and alkaline phosphatase levels were measured using standard laboratory methods. Growth rates were obtained monthly. Standing heights were measured monthly using a fixed, wall-mounted stadiometer. All height measurements were performed by the same person and were repeated until three consecutive values agreed within 0.2 cm, as previously described (21) . For statistical evaluation, height measurements were expressed as standard deviation scores (SDSs), or Z-scores, relative to values corresponding to the 50th percentile of the healthy population for children of the same age and sex according to tables provided by the National Center for Health Statistics (Hyattsville, Maryland). Delta Z-scores for height were calculated from values obtained before and after treatment. The study was approved by the UCLA Human Subject Protection Committee. Informed consent was obtained from all parents, and assent forms were obtained from all patients older than age 8 years.
A recruitment goal of 10 patients per treatment group was based on achieving 87% power to detect an anticipated observed effect size of 1.0 SD unit difference in means between treatment groups with an alpha of 0.05. Prevalence was reported as percentage (95% confidence intervals [CIs] ). For biochemical and bone histomorphometric variables, means and SDs were reported for normally distributed variables; medians and interquartile ranges (IQRs) were used for variables with non-normal distributions. Differences between baseline and final bone histomorphometric variables were compared using paired t tests, ANOVA with contrasts, and Wilcoxon signed-rank sums. A mixed model was used to evaluate the effects of underlying bone histologic features, treatment group, time on therapy, and biochemical measures. Statistical analysis of the data were performed using SAS software (SAS Institute, Inc., Cary, NC).
Results

Patient Characteristics
A total of 36 patients treated with peritoneal dialysis underwent initial bone biopsy (20 with high turnover, 16 with low turnover). Three were lost to follow-up (one with high turnover, two with low turnover) shortly after randomization; thus, 33 patients with a median age of 11.7 (IQR, 7.6, 14.1) years completed the study. Table 1 summarizes the clinical characteristics of the study population at baseline. Overall, 45% of the patients were male, and 52% were prepubertal; they had been undergoing dialysis for a median of 0.4 (IQR, 0.1, 4.3) year. Nineteen patients had high-turnover osteodystrophy (group 1) and were therefore randomly assigned to growth hormone plus calcitriol (n=8) or to calcitriol alone (n=11). Fourteen patients with low-turnover osteodystrophy (group 2) were randomly assigned to growth hormone treatment (n=7) or no growth hormone treatment (n=7). During the trial, six patients (four in group 1 and two in group 2) withdrew early because of renal transplantation. This occurred within the first 4 months of the trial for two individuals (one in group 1 and one in group 2) and within the last 4 months of the trial for the remaining four.
Average calcitriol doses in patients with secondary hyperparathyroidism treated with growth hormone in addition to calcitriol were 1.060.7 mg per dose given thrice weekly (average weekly dosing, 3.062.1 mg per week) and did not differ from those receiving calcitriol alone (1.260.7 mg per dose or 3.662.1 mg per week; P=0.32 between groups). During the last half of the trial, when doses were stable, average doses were 1.260.9 versus 1.360.9 mg per dose (3.662.7 versus 3.962.7 mg per week), respectively (P=0.63). Adverse events consisted solely of hypercalcemic and hyperphosphatemic episodes. Eight episodes of severe hypercalcemia, defined as a calcium value .11 mg/dl, occurred in two patients, both of whom had low bone turnover at baseline; thus, therapy was not modified in these individuals. Eight episodes of hyperphosphatemia (phosphate .7 mg/dl; four randomly assigned to growth hormone plus calcitriol and four assigned to calcitriol alone) necessitating the temporary cessation of calcitriol therapy occurred in patients with high bone turnover. 3 per year (P=0.03 from baseline) in those receiving growth hormone therapy but remained unchanged in those receiving standard therapy. Overall, BFR/BS was higher in patients receiving growth hormone therapy than in those receiving standard therapy (P=0.05).
Changes in Bone Histomorphometry throughout the Study
Static measures of mineralization, including osteoid volume/bone volume, osteoid surface/bone surface, and osteoid thickness were lower in patients with low bone turnover than in those with high bone turnover (P,0.001 for all three measures) but did not change during therapy, irrespective of baseline bone histologic features and treatment group. Mineralization lag time increased from 33 (23, 44) to 80 (39, 95) days in patients with high bone turnover receiving calcitriol alone (P=0.03), but not in those treated with growth hormone; similarly, a decrease in mineralization lag time was observed in children with low baseline bone turnover who received growth hormone from 99 (62, 209) to 24 (22, 42) days (P=0.03), whereas no change was observed in those receiving standard therapy. Overall, final mineralization lag time was lower in patients treated with growth hormone than in those receiving standard therapy, irrespective of baseline bone histologic features (P=0.03). Osteoid maturation time did not change during therapy.
At baseline, measures of bone volume, including bone volume/tissue volume and trabecular thickness, were normal or increased in all patients. These measures remained stable throughout therapy, and no differences were observed between treatment groups.
Biochemical Determinations
Baseline and final biochemical values for the four treatment groups are displayed in Table 3 . Baseline serum calcium levels were higher in patients with low bone turnover than in those with high bone turnover (9.860.7 mg/dl versus 9.061.0 mg/dl in patients with low versus high turnover, respectively; P=0.04) and remained stable throughout the study in all patients; no patients experienced severe hypercalcemia. Any degree of hypercalcemia, as defined by a serum calcium level .10.4 mg/dl, was present in five individuals at baseline: three with secondary hyperparathyroidism and two with adynamic/normal 11 mg/dl, were observed during the study; there was no difference between groups in number of episodes of severe hypercalcemia. Serum phosphorus levels did not differ based on bone histologic features at baseline (5.861.9 mg/dl for those with low bone turnover versus 5.660.9 mg/dl for those with high bone turnover group; P=0.79), whereas IGF-1 values were lower in patients with low bone turnover (P=0.04 in low-versus high-turnover groups, respectively). Serum phosphate concentrations did not differ between groups throughout the study (P=0.14 between groups); however, IGF-1 increased in patients with low bone turnover who received growth hormone (P=0.01) but did not change in the other groups. Alkaline phosphatase and PTH values were lower at baseline in patients with low bone turnover than in those with high bone turnover (P=0.03 and P,0.001 between histologic classifications for alkaline phosphatase and PTH, respectively). Of note, baseline PTH values in patients with high bone turnover did not differ by treatment group (P=0.77), and no significant differences were observed during therapy, regardless of whether those patients received calcitriol therapy alone or were treated with both calcitriol and growth hormone. Similarly, baseline PTH levels were similar in the two groups of patients with low bone turnover (P=0.75), and, although PTH values significantly increased only in patients with low bone turnover receiving growth hormone therapy (P=0.03), values did not differ between the two treatment groups during therapy ( Figure 1 ).
Growth
At baseline, Z-scores for statural height and body weight based on bone histologic features did not differ. Overall, height SDS increased in patients who were treated with growth hormone therapy while remaining unchanged in patients not receiving growth hormone, with an estimated difference in change in height SDS between groups of 0.32460.076 SDs (P,0.001 between groups). Underlying bone histologic features did not affect changes in height Z score.
Discussion
This study demonstrated that growth hormone therapy resulted in an increase in bone turnover in patients with low bone turnover-patients who were not receiving concomitant calcitriol therapy-while not altering bone formation in patients with high bone turnover who received growth hormone in conjunction with calcitriol. Although baseline serum calcium levels were higher in patients with low bone turnover than in those with high bone turnover, treatment with growth hormone, with or without calcitriol, did not alter serum calcium levels. By contrast, serum phosphorus, PTH, alkaline phosphatase, and IGF-1 levels increased in patients with low bone turnover who received growth hormone therapy. Linear growth increased in patients treated with growth hormone, irrespective of underlying bone histologic features. Normally distributed values are displayed as mean 6 SD; skewed data are displayed as median (interquartile range). a P,0.05 between patients with high turnover and patients with low-normal turnover at baseline. b P,0.05 from baseline.
Calcitriol is effective at controlling the skeletal lesions of secondary hyperparathyroidism in patients treated with maintenance dialysis, yet the effect of calcitriol in combination with growth hormone on bone turnover in dialysis patients and the role that preexisting bone disease plays in mediating response to growth hormone remain unknown. Moreover, previous data suggested that growth hormone therapy may exacerbate secondary hyperparathyroidism, although the consequences for these increased values on the skeleton were previously unknown. This lack of data are described in the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines (22), which state that "there is insufficient clinical research on rhGH [recombinant human growth hormone] therapy and bone disease. Guidelines for monitoring PTH, calcium, phosphorus, alkaline phosphatase, and X-rays are based on expert opinion, not firm clinical evidence." These guidelines also highlight the "absence of firm clinical data supporting the levels of PTH upon which cessation and reinitiation of GH are based."
In this study, bone turnover increased in all patients with low baseline bone turnover, although a statistically significant increase was observed only in those receiving growth hormone therapy, despite similar PTH levels between the two groups of patients with low bone turnover. Consistent with both the 2005 KDOQI and the 2006 European guidelines, which highlight the potential for growth hormone therapy to increase circulating PTH values (22,23), PTH increased in patients with low bone turnover who were treated with growth hormone; this subset of patients did not receive concomitant calcitriol therapy. Of note, however, final PTH values in this subset of patients were similar to those of patients with low bone turnover who did not receive growth hormone therapy, despite marked differences in final rates of bone formation. This finding suggests that the direct effects of growth hormone on bone turnover distort the relationship between bone formation rate and PTH in patients treated with maintenance dialysis. In patients with high baseline bone turnover, calcitriol doses and PTH levels were similar between patients receiving a combination of growth hormone and calcitriol and those receiving calcitriol alone, suggesting that the biochemical lesions of secondary hyperparathyroidism can be controlled during growth Figure 1 . | Change in serum parathyroid hormone (PTH) levels throughout the study. No significant changes from baseline or difference between groups were observed in patients with high bone turnover receiving growth hormone plus calcitriol (A) versus those treated with calcitriol alone (B). Serum PTH levels increased from baseline in patients with low bone turnover receiving growth hormone therapy (C) but not in those receiving standard treatment alone (D). PTH values did not differ between the two groups of patients with low bone turnover. *P,0.05 for change from baseline. Boxes represent the interquartile range; whiskers represent the minimum and maximum.
hormone therapy with the use of active vitamin D sterols. However, bone formation rates decreased only in patients who were treated with calcitriol alone while remaining elevated in those receiving combined therapy with growth hormone and calcitriol. This finding further confirms the disrupted relationship between PTH values and bone turnover during growth hormone therapy.
Although target serum PTH levels are usually recommended to guide therapeutic decisions in CKD/mineral and bone disorder, PTH varied widely both in patients with low bone turnover and those with high bone turnover, with ranges of PTH overlapping significantly both at baseline and throughout therapy. This overlap may have been due to various causes; indeed, values of bioactive PTH in dialysis patients are overestimated by current assays because of the cross-reactivity between the full-length PTH molecule and its different fragments (24) , and treatments for secondary hyperparathyroidism disrupt the relationship between PTH and bone histologic features (25, 26) . Regardless of their cause, together these findings suggest that (1) skeletal lesions of secondary hyperparathyroidism persist in patients treated with a combination of growth hormone and calcitriol while growth hormone increases bone turnover in patients with low bone formation rates, (2) growth hormone disrupts the relationship between circulating PTH levels and bone turnover, and (3) PTH alone cannot correctly predict the underlying bone disease in children treated with maintenance dialysis and should be used cautiously for therapeutic decisions.
The increase in bone formation rate from 7 to 41 mm 2 /mm 3 per year in patients with low turnover not receiving growth hormone therapy may represent a biologically important increase in bone turnover with cessation of calcitriol therapy; however, this final value is within the range of normal for bone formation rate, and the small number of patients in the study probably precluded a statistically significant result. Whether patients with normal bone turnover should receive calcitriol therapy is beyond the scope of this study, but the overtly elevated rates of bone formation observed in patients with adynamic bone disease receiving growth hormone therapy (an effect so marked it was seen even with the small number of patients in this study) suggests that calcitriol therapy may be warranted in these patients. However, it is not clear from the current data whether the prevention and treatment of adynamic bone disease should be considered the same issue as treatment of high-turnover renal osteodystrophy. Indeed, it is likely that detection, prevention, and treatment of adynamic bone disease must all be evaluated in light of many clinical factors, including not only PTH levels but also underlying disease, concurrent therapies for underlying disease (such as steroids), and concurrent therapies for bone disease (including calcium-containing or calcium-free phosphate binders, calcitriol and vitamin D sterols, and calcimimetic agents), as well as the presence or absence of vascular calcifications.
In this study, although overall growth velocity improved in all patients treated with growth hormone, circulating IGF1 levels significantly increased only in patients with low bone turnover treated with growth hormone and not in those with high bone turnover. This discrepancy may be in part explained by two different factors. Overall, patients with low bone turnover tended to be younger than those with high bone turnover, although the proportion of prepubertal patients did not differ between patients with high and low bone turnover. Because IGF-1 levels vary more with pubertal development than with age, assessing the effect of age per se on such levels in dialysis patients is fraught with difficulty. Moreover, growth hormone itself has been shown to directly affect osteoblastic activitypotentially through local skeletal IGF-1 production and not exclusively through hepatically produced IGF-1 (27) . As a result, circulating IGF-1 levels are an unreliable marker for monitoring growth hormone efficacy in this patient population. Finally, because this study was designed to assess the effect of growth hormone therapy on bone histologic features, with growth as a secondary endpoint, and because many pediatric patients with ESRD undergo renal transplantation within a year of initiating dialysis, we chose an 8-month therapeutic time frame to avoid excessive dropouts from transplantation while still achieving meaningful data on bone histologic features. More robust changes in the secondary endpoints of growth and in IGF-1 levels may have been observed in a study of longer duration, and these issues warrant further evaluation.
The primary limitation of this study is its small sample size, and, indeed, the number of patients with low bone turnover in the study was smaller than anticipated; however, the effect of growth hormone in this subset of patients was so marked as to yield a significant increase in bone turnover and growth velocity despite the small numbers. This study also presents biochemical data and bone histologic features exclusively from patients receiving calcitriol as an active vitamin D metabolite and calcium carbonate as a phosphate binder. Current data suggest that hyperphosphatemia can be effectively treated and hypercalcemia avoided in patients while bone formation rates are controlled when pediatric patients are treated with noncalcium-containing binders, such as sevelamer, in combination with active vitamin D sterols. However, this form of therapy necessitates increased doses of vitamin D to achieve a similar suppression of bone formation rates (26) , and the potential interaction between these increased doses and growth hormone therapy on the skeleton warrants further investigation.
The intraperitoneal method of calcitriol administration used in the current study may also limit the data interpretation. Although the bioavailability of intraperitoneal calcitriol, as determined from the 24-hour area-under-thecurve measurements, is similar to the bioavailability of orally administered calcitriol, intravenous administration of calcitriol results in a 50%-60% greater bioavailability, due primarily to higher calcitriol concentrations in the first 6 hours after intravenous administration (28) . Thus, similar doses given by the intravenous route may result in greater suppression of both PTH values and bone turnover, and further studies are warranted to assess whether these differences alter the interaction with growth hormone therapy, both at the level of the parathyroid gland and at the level of bone. Finally, PTH in this study was measured with the Nichols assay, which was historically the standard assay used in clinical practice. Although this assay is no longer available, values obtained by the current Immutopics first-generation assay are highly correlated with values obtained by the old Nichols assay (29) . Myriad other PTH assays are now routinely used in clinical practice, and PTH determinations by these different assays vary widely, even when tested on the same samples (30) . This issue further strengthens the conclusion that PTH alone cannot correctly predict the underlying bone disease in children treated with maintenance dialysis and should be used cautiously for therapeutic decision-making.
In conclusion, to our knowledge this is the first study evaluating the direct effect of recombinant human growth hormone therapy on the skeleton across the spectrum of renal osteodystrophy in pediatric patients treated with maintenance peritoneal dialysis. Therapy with growth hormone enhanced bone turnover in patients with baseline low bone turnover, while skeletal lesions of secondary hyperparathyroidism persisted in patients with high bone turnover at baseline, despite the concomitant use of calcitriol. Unfortunately, biochemical measures were poor predictors of skeletal response. Thus, the addition of growth hormone to therapy for pediatric renal osteodystrophy may help to prevent the development of adynamic bone but may also potentiate the lesions of secondary hyperparathyroidism. Future longitudinal studies are needed to evaluate the effect of growth hormone therapy on final height, fracture risk, bone deformities, and puberty in children with ESRD.
